We describe structure-based design, synthesis and biological evaluation of a series of novel inhibitors bearing a pyrazole (compounds 3a-h ) or a thiazole moiety (compounds 4a-e) as the P3 ligand. We have also explored Boc-β-amino-L-alanine as a novel P2 ligand. A number of inhibitors have displayed β-secretase inhibitory potency. Inhibitor 4c has shown po tent BACE1 inhibitory activity, K i = 0.25 nM, cellular EC 50 of 194 nM and displayed good selectivity over BACE2. A model of 4c was created based upon the X-ray structure of 2-bound β-Secretase which revealed critical interactions in the active site.
the protease responsible for the first cleavage of β-amyloid precursor protein (APP) leading to the production of a 40/42 residue amyloid-β-peptides (Aβ), the major constituent of the brain amyloid plaques. 3, 4 The pathological hallmark of AD is the formation of amyloid plaques and neurofibrillary tangles in the brain of AD patients, which is generally believed to be derived from Aβ accumulation and intimately related to the pathogenesis of AD. Due to the central role of β-secretase in the generation of Aβ, inhibition of β-secretase has become a major focus in the search for AD therapy. 5, 7 From a therapeutic perspective, BACE1 inhibition generated much interest as a suitable target since BACE1 gene deletion in mice showed only a mild phenotypic response. 8, 9 Despite the promise of a BACE1 target, the clinical development of a BACE1 inhibitor has been quite slow and challenging. 10 This is due to problems associated with poor pharmacological properties of inhibitors, particularly the inability to cross the blood-brain-barrier and the lack of inhibitor selectivity against other important human aspartic acid proteases. [11] [12] [13] Early reports from our laboratories demonstrated that a potent BACE1 inhibitor can be designed by incorporating a nonhydrolyzable Leu-Ala hydroxyethylene dipeptide isostere at the cleavage site. 14, 15 As shown, inhibitor 1 (OM99-2, Figure 1 ) is quite potent. We subsequently determined the X-ray crystal structure of 1-bound BACE1 that provided insight into ligand-binding site interactions and critical drug design templates. 7 Inhibitor 1 did not show selectivity over BACE2 or cathepsin D (Cat-D). We then reported the design of potent and selective inhibitors. Peptidomimetic inhibitor 2 with a pyrazolemethyl urethane showed excellent potency and selectivity over BACE2 (>3800-fold) and Cat-D (>2500-fold). 16 Based upon the X-ray crystal structure of 2-bound β-secretase, we further explored amide-based P2-P3 ligands. Herein we report our studies in which we have developed pyrazole and thiazole-derived novel P3-ligands containing hydrogen bond donor and acceptor groups to interact with residues in the S3 subsite. Asymmetric synthesis of these heterocyclic ligands as well as the use of optically active (1S, 2R)-1-tosyl-amino-2indanol provided access to optically pure ligands.
The synthesis of a pyrazole-derived ligands is shown in Scheme 1. Reaction of 3,5-dimethyl pyrazole 5 and methyl methacrylate in a sealed tube at 180 °C for 6 h provided racemic Michael addition product 6. 17 Saponification of ester 6 with aqueous LiOH at 23 °C for 10 h furnished the corresponding racemic acid. Esterification of the acid with (1S, 2R)-1-tosylamino-2-indanol 18, 19 using EDC and DMAP at 23 °C for 12 h afforded a diastereomeric mixture (nearly 1:1 by 1 H-NMR analysis) of esters, 7a and 7b. The mixture was separated by silica gel chromatography to provide pure diastereomers, 7a and 7b. The absolute configuration of the α-methyl center of diastereomer 7a was determined by X-ray crystallographic analysis. Saponification of esters 7a and 7b using aqueous LiOH at 23 °C for 10 h furnished optically active ligand acids (S)-8 and (R)-8.
For the synthesis of optically active ligands containing other substitutions, dimethylmalonate 9 was converted to acrylate derivatives 10a-c as described in the literature. 20 These acrylate derivatives were converted to pyrazole derivatives 11a-c by Michael addition in the presence of 3,5-dimethyl pyrazole 5 as described above. Saponification and subsequent esterification with (1S, 2R)-1-tosylamino-2-indanol afforded the diastereomeric mixture of esters. Diastereomers were separated by silica gel chromatography and the respective diastereomer with the lower Rf-value turned out to be the isomer with the (S)-configuration at the α-alkyl center. Further corroboration of stereochemistry of the α-alkyl group was carried out by comparison of 1 H-NMR data with diastereomer 7a. Saponification of esters provided optically active ligand acids (S)-12a-c. Acid (S)-14, containing a 3-methylpyrazole moiety, was prepared following the same procedures described for (S)-8.
The synthesis of the thiazole acids is shown in Scheme 2. For asymmetric alkylation, (R)-4benzyl-2-oxazolidinone derivatives 15a,b were prepared as described previously. 21 Treatment of oxazolidinone 15a with NaHMDS in THF at -78 °C provided the corresponding enolate. 22 The enolate was reacted with known 4-iodomethyl-2methylthiazole 16 23 at -78 °C to 23 °C for 1 h furnishing alkylated product 17a diastereoselectively. Alkylation of 15b with iodide 16 provided alkylated product 17b. Subsequent treatment of 17a,b with a mixture of aqueous LiOH and hydrogen peroxide at 23 °C for 20 h afforded optically active ligand acids 18a and 18b respectively.
For the synthesis of isomeric ligand acids, commercially available (4-methylthiazole-2-yl) methanol 19 was converted to 2-(iodomethyl)-4-methylthiazole 20 by treatment of 19 with mesyl chloride and triethylamine followed by reaction of the resulting mesylate with lithium iodide in acetone. Asymmetric alkylation of oxazolidinone derivatives 15a-c with iodide 20 as described above afforded alkylation product 21a-c respectively. Removal of the chiral auxiliary with alkaline hydrogen peroxide furnished optically active ligand acids 22a-c.
The synthesis of inhibitors is shown in Scheme 3. Commercially available protected βamino-L-alanine 23 was coupled with Leu-Ala transition-state isostere derivative 24 in the presence of EDC, HOBt and diisopropylethylamine at 23 °C for 15 h to provide amide derivative 25 in good yield. Removal of the Cbz-group by catalytic hydrogenation over Pearlman's catalyst furnished amine 26 in near quantitative yield. Coupling of this amine with ligand acid (S)-8 followed by removal of the TBS group by exposure to TBAF in THF provided inhibitor 3a. Inhibitors 3b-f were synthesized by following a similar sequence of reactions as inhibitor 3a.
For the synthesis of inhibitors 3g,h, amine 24 was coupled with commercially available N-Boc-L-methylcysteine 27 using EDC and HOBt to furnish the corresponding coupling product. Removal of the Boc and TBS groups by exposure to trifluoroacetic acid, followed by coupling of the resulting amine with optically active ligand acid (S)-8 directly provided inhibitor 3g without needing the final TBS deprotection step. Oxidation of the sulfide with oxone furnished inhibitor 3h in excellent yield. 24 The synthesis of inhibitors 4a-e were carried out by coupling of amine 26 with thiazole-derived ligand acids 18a,b and 22a-c to furnish the corresponding coupling products. Exposure of the coupling products to TBAF in THF as described for inhibitor 3a, afforded inhibitors 4a-e.
The β-secretase inhibitory activity was determined against recombinant β-secretase using our previously reported assay protocols. 25 The structure and inhibitory potency of inhibitors 3ah and 4a-e are reported in Tables 1 and 2 respectively. As can be observed, the activity data generated from the pyrazole-containing inhibitors ( Table 1) clearly outline a series of welldefined structure-activity relationships (SARs). First of all, the (S)-configuration at the α-alkyl group showed to be of critical importance for the inhibitory activity, as demonstrated by the dramatic drop in potency (nearly 40-fold) for compound 3b with respect to 3a, bearing the α-methyl group with (R)-configuration. This series of compounds also highlighted the efficacy of the small alkyl group at the α-position, as shown by the steady loss in inhibitory potency with the increase of the steric bulk of the α-alkyl group (3a >3c > 3e > 3d). Compound 3d, bearing the bulkier α-isopropyl group displayed a nearly 10-fold reduction of potency compared to inhibitor 3a. The importance of both methyl groups on the pyrazole ring (3a) can be seen by comparison of its inhibitory activity with that of inhibitor 3f. This evidence is in line with the molecular insight obtained from the protein-ligand X-ray structure of the pyrazole-bearing inhibitor 2. 16 In this X-ray structure, both methyl groups on the pyrazole ring appear to effectively fill the S3 hydrophobic pocket. The importance of Boc-β-amino-L-alanine as the P2 ligand over methylsulfonyl-L-alanine can be seen by comparison of inhibitor 3a with 3h. Interestingly, methyl sulfide derivative 3g turned out to be more potent in this series than methyl sulfone derivative 3h. 17 Thiazole containing compounds were also evaluated against β-secretase and their inhibitory potencies are reported in Table 2 . Compound 4a with a 2-methylthiazole moiety and αmethyl group in the P3 ligand showed good BACE1 activity. However, compound 4c, bearing the 4-methylthiazole moiety in the P3 ligand turned out to be a very potent inhibitor with over 120-fold improvement over inhibitor 4a. The corresponding inhibitors bearing an ethyl group or an isopropyl group (4d and 4e) were significantly less active.
We have determined the cellular production of Aβ in BE(2)-M17 human neuroblastoma cells (ATCC® CRL-2267™). 26 Inhibitor 4c displayed an EC 50 value of 194 nM in this assay. It showed a good selectivity against memapsin 1 (K i = 71 nM, selectivity >280-fold). However, its selectivity over Cat-D was marginal (K i = 1.25 nM, 5-fold). As mentioned, blood-brain barrier (BBB) penetration represents a major issue for the development of BACE1 inhibitors. [11] [12] [13] It appears that the lipophilicity of inhibitor 4c (clogP, 3.55) is improved compared to urethane-derived inhibitor 2 (clogP, 2.21). 27, 28 Such improvement of lipid solubility may favor blood-brain barrier (BBB) penetration of compound 4c over compound 2.
To obtain molecular insight into specific ligand-binding site interactions, we created an energy-minimized active model of inhibitor 4c based upon the crystal structure of inhibitor 2-bound β-secretase. 16 The conformation of 4c was optimized using the CHARMM force field. 29 A stereoview of the model is shown in Figure 2 . As it appears, the P3-thiazole nitrogen is within proximity to form a hydrogen bond with the Thr232 side chain hydroxyl group. The P3-ligand carbonyl oxygen is also within hydrogen bonding distance to the Thr232 backbone NH. The methyl group on the thiazole ring seems to fill in the shallow hydrophobic pocket in the S3 subsite of BACE1. Similarly, the (S)-methyl group occupies a hydrophobic pocket surrounding Gly11, Ile110, Lys 107 and Gln73. Preference for the (S)configuration can be justified as the alkyl group with (R)-configuration appears to bump into the P1-leucine side chain, which may likely destabilize ligand binding site interactions in the S3-pocket.
The P2 Boc-aminomethyl functionality appears to fit nicely in the S2-subsite. As shown, the Boc-carbonyl oxygen can form a hydrogen bond with the Gln73 side chain carboxamide. Also, the Boc-NH and the urethane oxygen are well positioned to make a water-mediated hydrogen bond with the backbone NH of Asn233 and the P3-ligand carbonyl oxygen. These interactions of the P2 and P3 ligands may be responsible for the observed selectivity of inhibitor 4c over BACE2. The transition-state hydroxyl group of inhibitor 4c forms a number of hydrogen bonds with the active site aspartic acid residues Asp32 and Asp228. These interactions and other inhibitor 4c-BACE1 interactions in the S1'-S3' subsites are similar to inhibitor 2. 16 In summary, we have carried out structure-based design and synthesis of novel P2-P3 ligands for BACE1 inhibitors containing Leu-Ala hydroxyethylene isosteres. In particular, we have designed pyrazole and thiazole-derived P3-ligands which contain hydrogen bond donor and acceptor groups for specific interactions in the S3 subsite. We have developed a practical asymmetric synthesis of these heterocyclic ligands using readily available optically active (1S,2R)-aminoindan-2-ol derivatives. We have also investigated Boc-amino alanine and methylsulfonyl alanine as the P2-ligands. The Bocaminoalanine ligand provided an inhibitor with enhanced activity compared to inhibitors with a P2-methylsulfonyl derivative. Inhibitor 4c displayed excellent BACE1 inhibitory activity and good selectivity over BACE2. Its cellular inhibitory potency in neuroblastoma cells was in the micromolar range. An energy-minimized model of inhibitor 4c was created based upon the X-ray structure of 2-bound β-secretase. This model has provided important molecular insight into the ligandbinding site interactions in the S2 and S3 subsites of β-secretase. Further design and improvement of inhibitor properties are currently in progress. Stereoview of the model of inhibitor 4c (green carbon chain) with β-secretase. Possible hydrogen bonds between the inhibitor and β-secretase are shown in black dotted lines.
